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Need for brown dwarf (BD) modeling

WIRC+Pol team currently involved in a spectro-polarimetric survey of
over 100 BDs and EGPs using 200” Hale telescope on Mt. Palomar
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Need for brown dwarf (BD) modeling

Fig. 1.— Sketch of thermal radiation with emis-
sion angle θ, that is scattered by a particle high in
the planetary atmosphere, with dark areas indicat-
ing higher temperatures and thus larger thermal
fluxes. Panel (a) illustrates a positive temperature
gradient, and panel (b) a negative one.
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Fig. 2.— Normalized polarized fluxes −Q/F at
λ = 1.05µm (solid lines) and 1.11 µm (dashed
lines) for atmospheres with (a) different tempera-
ture gradients and a high altitude cloud with opti-
cal thickness 0.1, and (b) a temperature gradient
of 300 K/ ln p and different cloud optical thick-
nesses. Thick lines indicate emission angles of 80◦

and thin lines those of 30◦.
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Fig. 3.— Simulated images of normalized −Q/F
across the planetary disk for the model planets
presented in this paper. Integrating −Q/F over
the disk yields P = 0 for the spherically symmetric
planet, while it will usually leave a net P for the
other cases.

8

(de Kok et al. 2011)

Polarimetry makes BD measurements sensitive to asymmetric features like
oblateness and patchy clouds

Suniti Sanghavi (JPL/Caltech) Modeling brown dwarf clouds Bay Area Exoplanet Meeting #27 6 / 24



Need for brown dwarf (BD) modeling: oblateness

Fig. 6.—Rotation period of brown dwarfs (and objects very
close to the substellar limit) as a function of age. For sim-
plicity, periods for evolved field dwarfs were all plotted at
an age of 1Gyr.

upper period limit at very young ages. Two clear trends can
be seen from Fig. 6, related to the upper and the lower pe-
riod limit, which we will discuss separately in the following
paragraphs.
First, the upper period limit is apparently more or less

constant for ages < 5Myr and is decreased by a fac-
tor of about 6-10 in the more evolved clusters with ages
> 40Myr. The second aspect of Fig. 6 that we wish to
discuss is the lower period limit, which appears to be in the
range of a few hours at all evolutionary stages. The only ex-
ception is the (very sparse) period sample for Cha I at 1Myr,
but this might be related to small number statistics or a time
series sampling unable to detect short periods. Within the
statistical uncertainties, the lower period limit is constant
with age. Thus, for a fraction of ultrafast rotating BDs the
period changes by less than a factor of two on timescales of
∼1Gyr. This is surprising, because on the same timescales
BDs contract and we should therefore expect a rotational
acceleration at least by a factor of about ten. One possible
explanation is that we have not yet found the fastest rota-
tors among the evolved BDs. Assuming angular momentum
conservation, we should expect objects with periods down
to ∼0.5 h at ages> 200Myr, i.e. when the contraction pro-
cess is finished. Whether these objects exist or not, has to
be probed by future observations.
If the lower period limit for evolved BDs, however, is

really in the range of a few hours, as indicated by the avail-
able period data, the fastest rotators among the BDs have to
experience strong angular momentum loss on timescales of
1Gyr. It is unclear what mechanism could be responsible
for this rotational braking. To summarize this section, while
the rotation data on BDs are still very scanty compared to
the low mass stars, they appear to be a natural extension of
the phenomena observed for stars. There is nothing yet to
suggest that their rotation properties and evolution are dis-
continuous in any way from stars.

5. Overview of Variability, Spots, Accretion and Mag-
netic Star-Disk Interactions in YSOs and BDs

Most of our knowledge of the rotational properties of
the objects discussed here is based on variability studies.
Therefore we regard it as important to give an overview
on this subject, with particular attention to magnetically in-
duced cool stellar spots and magnetically channeled vari-
able mass accretion, the principle variability mechanisms in
weak (WTTS) and classical (CTTS) T Tauri stars, respec-
tively.
A detailed study of the various sources of TTS variability

has been carried out by Herbst et al. (1994), based on a
large electronic UBVRI catalog with about 10,000 entries
for several hundred stars. A further variability study, with
particular attention to periodic variations, has been carried
out by Bouvier et al. (1995). On the basis of these two
and related studies one can distinguish at least 5 types of
common PMS variability, at least the first two of which are
also seen in BDs. These are:
1. Periodic variability caused by rotational modulation

of the stellar flux by an asymmetric distribution of cool
spots or spot groups on the stellar surface. This type of
variability is more frequently seen in WTTSs but can also
be observed in the CTTSs. An example is shown in Fig.
1. The typical amplitudes for these variations range from
about 0.03-0.3 mag in the V band, with the most extreme
values reaching 0.8 mag in V and 0.5 mag in I. Spot sizes
and temperatures have been derived from the observed am-
plitudes and the derived spot coverage factors range from a
few percent up to 30% (for∆V=0.5 mag, see Bouvier et al.,
1995).
2. Irregular variations, probably caused by highly vari-

able, magnetically channeled accretion from the circumstel-
lar disk onto the star. The accretion rate onto the star is not
only variable in time but the accretion zones are certainly
not uniformly distributed over the stellar surface. The com-
plex interaction between the stellar magnetosphere and the
inner disk is evidently highly dynamic and time dependent.
The typical amplitudes of the resulting (largely) irregular
variations are a factor of 2-5 larger in V than those of the
periodic variations observed in many WTTs. Variations by
1.5 mag in V within a few days are not unusual and some
stars can vary that much within hours. This type of variabil-
ity is designated as Type II by Herbst et al. (1994).
3. Periodic variations due to hot spots. This type of vari-

ation (also known as Type IIp) is only seen in CTTS and
the hot spots are presumably at the base of the magnetic
channels. The periodicity typically persists for only a cou-
ple of rotation cycles. Since the magnetic field configura-
tion is highly unstable, the size and location of these spots
is correspondingly changing within a few rotation periods.
This is quite in contrast to the cool spots which may last for
hundreds to thousands of rotations. The amplitudes of the
rotational modulation by hot spots is typically a factor 2-3
larger in V than those seen in WTTS due to cool spots, but

9

(Herbst et al., Scholz & Eislöffel 2004)

L-dwarfs (∼2200-1600 K) and T-dwarfs (∼1600-500 K) have undergone
radiative cooling with age (∼ 1 Gyr), shrinking to the size of Jupiter.

Lack of efficient braking mechanisms cause them to conserve momentum by
spinning increasingly faster, so that some BDs approach the Roche break-up
limit
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Need for brown dwarf (BD) modeling: oblateness
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Many brown dwarfs have a period of rotation between 2-5 hrs,
covering the full range of oblateness between η = 0 − 0.33
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Need for brown dwarf (BD) modeling: patchy clouds

The Astrophysical Journal, 793:75 (29pp), 2014 October 1 Radigan et al.

Figure 8. NIR spectral type vs. 2MASS J − Ks color for all targets observed in our program. Gray points show the population of known field L and T dwarfs with
J <16.5. Purple circles show detections, with the linear symbol size drawn proportional to the peak-to-peak amplitude of variability detected (ranging from 0.9%–9%
for the smallest to largest symbols). A gray dashed line encircles the objects considered part of the L/T transition sample. Our average sensitivity or completeness to
sinusoidal signals of a given peak-to-peak amplitude is shown in Figure 4, where we find approximately equal sensitivities in all spectral type bins, demonstrating that
a fair comparison is made between populations.
(A color version of this figure is available in the online journal.)

have been previously reported as marginal variables. Due to dif-
ferences in sensitivity, cadence, and wavelength, as well as the
transient nature of variability (e.g., Metchev et al. 2013), it is
hard to draw conclusions from comparisons of a given target at
different epochs. Taken as a whole, however, our survey finds
no evidence for significant J-band variability with amplitudes
above ∼1.6% outside the L/T transition. This implies that large
amplitude variability in this regime is rare, in agreement with
the J-band surveys of Koen et al. (2004, 2005), Clarke et al.
(2008) and Girardin et al. (2013), and in contrast to the studies
of Enoch et al. (2003) and Khandrika et al. (2013) who find large
amplitude variability at all spectral types. We note that many of
the large amplitude detections from the latter two surveys are in
the Ks band, which may account for part of this discrepancy.

4.3. Properties of Variable Targets

For the 57 targets that pass our quality requirements (i.e.,
targets that were not flagged for bad pixels in our reduction
pipeline, and are not resolved equal mass binaries—the com-
position of our statistical sample is described in Section 4.4),
detections and non-detections are identified as a function of NIR
spectral type versus color in Figure 8. On this plot, large am-
plitude variability (!2%) occurs exclusively for early-T spec-
tral types with J − Ks colors between 0.8 mag and 1.3 mag.
This is the first correlation between NIR variability and spectral
type/color ever reported for BDs. The statistical significance of
this trend is discussed in Section 4.4.

Our survey targets are identified on a series of NIR
color–magnitude diagrams (CMDs) in Figure 9, where we
used the spectral-type versus absolute magnitude relationship
of Dupuy & Liu (2012) to estimate absolute magnitudes for
targets without parallaxes. Parallaxes, spectral types and MKO
system photometry for our sample is provided in Table 3. In
cases where no published MKO photometry was available, we

used the correction formulae provided as a function of spectral
type by Stephens & Leggett (2004) to convert from Two Micron
All Sky Survey (2MASS) to MKO magnitudes. Positions of the
HR8799bcd directly imaged planets (Marois et al. 2008; Currie
et al. 2011), as well as the highly variable secondary component
of the Luhman 16 system (Burgasser et al. 2013) are shown for
reference. Clustering of the high-amplitude variables, including
Luhman 16B, in the lower portion of the “J-band brightening
sequence” is evident, suggesting that the temperature contrast
between cloud tops and clearings peaks in this region of the dia-
gram, as clouds are first disrupted. Further along the brightening
sequence, temperature contrasts may decline due to a cooling
of the underlying atmosphere, and cloud tops sitting progres-
sively lower in the photosphere. The HR8799bd planets, and
2M1207b appear as an extension of the L dwarf sequence, be-
coming progressively redder with increasing magnitude. Due to
the ability of low-gravity atmospheres to retain clouds down to
lower effective temperatures, cloud disruption occurs at much
lower temperatures (if at all) in low-gravity atmospheres (e.g.,
Metchev & Hillenbrand 2006; Luhman et al. 2007; Marley et al.
2012). The HR8799c planet is an interesting exception, sitting
directly in the L/T transition region of the CMD occupied by
highly varying field BDs, making it a prime candidate for vari-
ability monitoring. The NIR spectrum of HR8799c obtained by
Oppenheimer et al. (2013) is also consistent with an early T
spectral type for this planet.

Outside the L/T transition, the highest amplitude detections
are for the L6.5 dwarf 2M1126−50 (A = 1.2%) which has
unusually blue NIR colors for its spectral type, and the T6
dwarf 2M2228−43 (A = 1.6%), which has a relatively red
J − Ks color for its spectral type. The presence of breaks in the
cloud layer in the former case, and residual photospheric cloud
features in the latter case may provide an explanation for the
respective colors of these objects. However, we detect variability
with smaller amplitudes (ranging from 0.6%–0.9%) in three

12

(Radigan et al. 2014)

Late L- and early T-dwarfs start seeing the fragmentation and precipitation
of clouds near the photosphere, revealing deeper layers of the atmosphere
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Need for brown dwarf (BD) modeling: patchy clouds

The Astrophysical Journal, 793:75 (29pp), 2014 October 1 Radigan et al.
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Figure 5. Light curves of significantly variable (p > 99%) targets in our sample. Light curves are shown in the upper panels, and the light curve of a similar-brightness
comparison star observed simultaneously is shown in the lower panels. All data shown were obtained using WIRC on the Du Pont 2.5 m telescope except for those of
2M0758+32, which were obtained using WIRCam on the CFHT. All light curves have been binned down from their original cadence by factors of 3–7.
(A color version of this figure is available in the online journal.)

and tentative variability (p > 68%) in the J band with a slope
of ∼−0.7% hr−1. Although our observation corresponds to a
much smaller slope of ∼0.17% hr−1, the high significance of
the detection suggests that this source is indeed a weak variable
in the J band.

SDSS J075840.33+324723.4. Variability of the T2 dwarf
SD0758+32 (Knapp et al. 2004) is presented for the first time
here. The peak-to-peak amplitude as estimated from a sinusoidal
fit is 4.8%, with an estimated period of ∼5 hr. This source was
found to be non-variable above ∼5–10 mmag in the monitoring
program of Girardin et al. (2013).

DENIS J081730.0−615520. The nearby T6 dwarf DE0817−
61 (Artigau et al. 2010) was observed to vary with a peak-to-peak
amplitude of 0.6% and a period of 2.8 ± 0.2 hr as estimated by
a sinusoidal fit to its light curve. In a ∼40 minute spectroscopic
observation with HST/WFC3 Buenzli et al. (2014) also found

this source to vary significantly in the J band (p > 95%) with a
slope of ∼0.7% hr−1.

2MASS J11263991−5003550. The target 2M1126−50
(Folkes et al. 2007) is a peculiar L dwarf with J − Ks colors
that are unusually blue for its L4.5 optical or L6.5 NIR spectral
type, most likely the result of thin, large-grained condensates
(Burgasser et al. 2008b). Given the variability presented here we
suggest that the blue colors and peculiar spectral morphology
for this target are due to holes in the cloud layer. A peak-to-peak
amplitude of 1.2%, and a tentative period of ∼4 hr is inferred
from a sinusoidal fit.

SIMP J162918.41+033537.0. The target SIMP1629+03 was
included in our survey as an unpublished T2 dwarf dis-
covered in the SIMP proper motion survey (Artigau et al.
2009a), and was independently discovered in PANSTARRS as
PSO J247.3273+03.5932 (Deacon et al. 2011). We estimate a

9

(Radigan et al. 2014)

High quality observations of photometric variability confirm patchy clouds to
be a dominant feature of BDs in L/T-transition
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Need for brown dwarf (BD) modeling: patchy clouds

on optical data, while those for L9–T8 dwarfs are based on near-
infrared data. There are strong correlations for three of these
indices—the twoH2O indices andCH4-K—that are roughlymono-
tonic across full spectral type range. CH4-J and CH4-H are strongly
correlated only in the T dwarf regime. Fourth-order polynomial fits
to the indices were made where correlations were strongest, and
coefficients are listed in Table 3.

Spectral types for the composite spectra were determined from
these spectral index relations, as follows. First, a spectral type was
estimated from the H2O-J, H2O-H, and CH4-K indices. If these
indices indicated a T spectral type, or if CH4 absorption is pre-
sent at H band (indicated by CH4-H < 0:97), subtypes based on
the CH4-J and CH4-H indices were also computed. The individ-
ual index spectral types were then averaged to derive an overall
classification for the composite. Figure 4 lists the classifications
derived for the binary combinations shown there.

To determine the robustness of this method, the L and T dwarf
SpeX spectra used to derive the index relations were reclassified
by the above technique and compared to their original classifica-
tions. Figure 6 illustrates this comparison and typical deviations.
Overall, spectral types derived from the indices agreewith published

values to within 0.6 subtypes, although the scatter is greater among
L0–L8 dwarfs (0.9 subtypes) than L9–T8 dwarfs (0.3 subtypes)
or L8–T4 dwarfs (0.4 subtypes). These deviations likely arise
from the same photospheric condensate variations that have inhib-
ited the identification of near-infrared L dwarf spectral standards
(Stephens 2003). Nevertheless, Figure 6 indicates that an overall
accuracy of 0.5–1.0 subtypes can be attained for both L dwarfs
and T dwarfs using a common set of spectral indices.

3.6. Constructing Magnitude-limited Samples

Once the parameters for all single and composite systems were
derived, the simulated population was resampled into integer spec-
tral type bins to derive distributions in number density and bi-
nary fraction. These distributions were normalized according to
the assumed space density (x 3.2), yielding a ‘‘volume-limited’’
sample. The resulting number densities were then converted to
surface densities for a magnitude-limited sample by computing
effective volumes for each system (Schmidt 1968),

VeA; i ¼
1

3
; 100:6(mlim"Mi)þ3 pc3; ð1Þ

Fig. 2.—SpeX spectral templates for L dwarfs (left) and T dwarfs (right). Spectra are normalized in the 1.1–1.3 !m region and offset by constants for clarity (dotted
lines). Names and spectral types are listed (see Table 4).

L/T BINARIES 661No. 1, 2007

(Burgasser et al. 2007)

L-dwarfs are only affected by weak absorption due to H2O in the NIR, while
the deeper atmospheric column of T-dwarfs feature strong
pressure-broadened alkali lines in the optical, near-saturation CH4 absorption
in the NIR, and H2 CIA near the K-band.
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Need of a framework to model oblate BDs with patchy
clouds

Semi-analytical 3D framework based on the 1D polarized RTM
vSmartMOM (Sanghavi et al. 2014)

Fast and accurate modeling of scattering by distributions of spherical
cloud grains (Sanghavi 2013, Sanghavi et al. 2015)

Allows for the first time simultaneous, polarized simulations of
oblateness and any number of cloud patches at a given inclination
angle
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Preliminary assumptions

For generality, we assume a gray atmosphere, so that the BD emits as
a black body of temperature Teff .

To deal with the spectral variations in photospheric depth due to
atmospheric opacities, we currently assume two extreme cases:

1 A completely non-absorbing atmosphere, for which the photosphere is
at the bottom of the atmospheric (gaseous) column (BOA)

2 An almost completely opaque atmosphere, for which the photosphere is
almost at the TOA

The modeled cloud consists of a log-normal distribution of spherical,
Mie-scattering, silicate grains and always occurs above the
photosphere

Suniti Sanghavi (JPL/Caltech) Modeling brown dwarf clouds Bay Area Exoplanet Meeting #27 14 / 24



vSmartMOM: first simulations of patchy clouds on oblate
BDs (Sanghavi et al., under review, ApJ)
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Effect of oblateness and inclination angle

Both intensity and polarization are functions of obalteness, η, and
inclination angle, θincl
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Gravitational darkening
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Gravitational darkening
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Effects of cloud properties: optical thickness, cloud grain
size
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Effects of cloud properties: optical thickness, cloud grain
size
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Effects of cloud properties: optical thickness, cloud grain
size
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Photometry: Need for detailed consideration of opacity
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Polarimetry: Effect of clouds

Photosphere at BOA, Teff = 2000 K
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Polarimetry: Effect of clouds

Photosphere at TOA, Teff = 2000 K
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Polarimetry: Effect of clouds

Photosphere at BOA, Teff = 1500 K
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Polarimetry: Effect of clouds

Photosphere at TOA, Teff = 1500 K
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Polarimetry: Effect of clouds

Photosphere at BOA, Teff = 500 K
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Polarimetry: Effect of clouds

Photosphere at TOA, Teff = 500 K
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Summary

Gravitational darkening can significantly amplify the polarization due
to oblate BDs, allowing for the first time polarimetric measurements
of over 2% to be simulated

DoP increases with increasing oblateness and inclination angle
(edge-on viewing is most polarizing)

Optically thick clouds cause more dimming, larger cloud grains cause
blueing of the SED

Polarization due to small grains is most effective at optical-NIR
wavelengths, because of which this spectral region is most sensitive to
the location of the photosphere in the atmospheric column

Effects of atmospheric opacity need to be accounted for, especially for
simulations of T-dwarfs - this is currently underway using Renyu Hu’s
thermochemistry model EPACRIS
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